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Description 

BACKGROUND OF THE INVENTION 

The present invention relates to vascular prosthe- 
ses, and more particularly relates to vascular grafts im- 
pregnated with a heparin-containing collagen sealant. 

Vascular prostheses, commonly referred to as 
grafts, are typically used as soft tissue prostheses to re- 
place damaged or diseased portions of blood vessels. 
During a surgical procedure, a damaged or diseased 
blood vessel portion may be removed and replaced with 
a vascular prosthesis. Complications, however, may oc- 
cur as a result of the implanted prosthesis because of 
the body's natural tendency to reject foreign matter. More 
particularly, thrombosis or blood clotting within or upon 
the prosthesis may occur. 

Precautions must be taken to minimize thrombosis 
and assure the patency of an implanted vascular pros- 
thesis. Ideally, antithrombogenic properties should be 
imparted to the prosthesis. In addition to antithrombo- 
genic properties, a vascular graft or prosthesis must be 
flexible and pliable to ensure that the prosthesis bends 
and flexes with the normal contours of the body into 
which it is transplanted Without such flexibility, normal 
healing and acceptance by the body of the graft may not 
occur. 

Vascular grafts or prostheses must also be porous 
to promote an ingrowth of tissue within or upon the vas- 
cular graft. More particularly, the exterior surface of the 
vascular prosthesis should include pores large enough 
to facilitate the entry of connective tissue and connective 
tissue cells such as fibroblasts, i.e., the ingrowth ol the 
perigraft tissue. Generally, the larger the pore size, the 
better the ingrowth of the tissue into the wall from the 
perigraft tissue. 

The interior surface should include pores that are not 
so large as to allow leakage of blood into surrounding 
tissues but large enough to promote tissue ingrowth. 
Blood leakage into surrounding tissues increases the 
likelihood of infection. The more porous the vascular 
graft substrate, the greater the tendency to hemorrhage 
during and after implantation. 

Much effort has gone into hemostatic control, i.e., 
reducing the initial high rate of blood seepage into sur- 
rounding tissue from highly porous vascular graft sub- 
strates during and immediately after surgery. U.S. Pat- 
ents No 3,805,301 and 4,047,242, assigned to the as- 
signee of the subject application, disclose synthetic vas- 
cular grafts that are sufficiently porous to permit tissue 
ingrowth and allow firm attachment of a neointimal lining 
in the graft. 

The vascular grafts disclosed within the 3,805,301 
and 4,047,242 patents, however require a general pro- 
cedure for implantation which includes the step of 
pre-clotting. During pre-clotting, the graft is immersed in 
the blood of the patient ex -vivo and allowed to stand for 
a period of time sufficient for clotting the porous sub- 
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strate. Without the preclotting, excessive bleeding would 
occur when blood begins to flow in1o the vascular graft 
Emersion within a patients blood to pre-clot a graft, 
however, leaves the graft lumen highly thrombogenic 
due to the presence of a high concentration of thrombin 
on the intraluminal surface of the vascular graft. As the 
blood passes the thrombin buildup, the thrombin attracts 
platelets, forming a thrombus or blood clot that may de- 
tract from the graft's patency. 

Other attempts to limit hemorrhaging from implanted 
grafts during and immediately after surgery include im- 
pregnating the vascular graft substrate with gelatinous 
material, such as that described in U.S. Patent No. 
4747,848. The impregnated graft is then crosslinked by 
chemically modifying amino groups of the gelatinous 
molecules so that they will chemically bond to one an- 
other. The crosslinked, impregnated graft provides a 
sealed structure which prevents or controls bleeding. 
Subsequent to implantation, the gelatinous material is 
degraded by hydrolysis, slowly increasing the porosity 
over time and allowing tissue ingrowth to occur. 

Collagen is also well known as an agent which is 
effectively used to impregnate the pores of synthetic 
grafts in an effort to limit bleeding upon implantation. Col- 
lagen is an insoluble fibrous protein that occurs naturally 
in vertebrates as the chief constituent of connective tis- 
sue fibrils. The patency of grafts impregnated with colla- 
gen is high. Collagen impregnated within grafts is grad- 
ually biodegraded by the body, uncovering pores present 
in the graft substrate structure to allow for tissue ingrowth 
and healing. Collagen coatings, however, are known to 
attract thrombin agents which form thrombosis or blood 
clots on surfaces treated with collagen. This can poten- 
tially lead to occlusion within transplanted grafts, the 
problem being especially acute in blood vessels having 
diameters of 10 mm or less. 

U.S. Patent No. 5,197 : 977, assigned to the assignee 
of the present invention, discloses a collagen-impregnat- 
ed vascular graft which is effective in preventing blood 
leakage and which also does not require additional 
processing such as preclotting prior to use. The colla- 
gen-impregnation also slowly degrades in the body to 
enable host tissue ingrowth. 

The collagen source with which the vascular graft is 
impregnated is a fibrous dispersion of high purity. The 
dispersion may also act as a reservoir for the sustained 
release of drug materials, such as anti-bacterial agents, 
anli-thrombogenetic agents and anti-viral agents, in an 
attempt to minimize bacterial infection and thrombosis 
subsequent to implantation. 

Heparin is a chemical agent that prevents the clot- 
ting of blood, i.e., an anticoagulant. Conventional tech- 
niques for preparing collagen-heparin dispersions typi- 
cally result in the precipitation of collagen from the col- 
lagen dispersion upon the addition of heparin in sufficient 
quantity to effectively prevent thrombosis upon grafts im- 
pregnatedthereby. To prepare a graft with collagen using 
conventional methods therefore allows for only small 
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quantities of heparin to be added to the sealant. 

It is therefore an object of the present invention to 
provide a collagen-heparin dispersion which overcomes 
the aforementioned problems of the prior art, and meth- 
od for forming the same. s 

It is another object of the present invention to provide 
a collagen-heparin dispersion in ratios of collagen to 
heparin such that thrombogenic events are minimized 
resulting from the implantation of a graft treated with the 
dispersion. w 

It is still another object of the present invention to 
provide a synthetic vascular graft which does not require 
pre-clotting with a patient's blood prior to implantation, 
and method for forming the same. 

It is another object of the present invention to provide is 
a collagen and heparin impregnated synthetic vascular 
graft that is coated with heparin to prevent thrombus for- 
mation and inhibit smooth muscle cell anastomotic hy- 
perplasia after implantation, and method of forming the 
same. 20 

It is yet another object of the present invention to 
provide a collagen and heparin impregnated synthetic 
vascular prosthesis which minimizes blood loss after im- 
plantation, and method for forming the same. 

It is still another object of the present invention to 25 
provide a collagen and heparin impregnated synthetic 
vascular prosthesis that promotes cell ingrowth and en- 
hances the rate and degree of healing within a patient's 
body after implantation, and method for forming the 
same. 30 

It is still a further object of the present invention to 
provide a collagen and heparin impregnated vascular 
prosthesis that releases heparin at a sustained or con- 
trolled rate when implanted into a patient's body, and 
method for forming the same. 35 

Still other objects and advantages of the invention 
will in part be obvious and will in part be apparent from 
the detailed description of the invention that follows. 

SUMMARY OF THE INVENTION 40 

The present invention includes a method of sealing 
a synthetic vascular prothesis to prevent thrombus for- 
mation. The method includes the steps of providing a sta- 
ble collagen-heparin dispersion and applying the same 45 
to the synthetic vascular prosthesis to effectuate sealing 
and impart anti-thrombogenic properties thereto. Appli- 
cation of the stable collagen-heparin dispersion may be 
by coating or impregnating the prosthesis with the dis- 
persion. The method particularly focuses on preparing a so 
stable collagen-heparin dispersion at alkaline pH, pref- 
erably within a range of from about 9 to about 11 , and, 
most preferably, at a pH of approximately 10. The colla- 
gen may be crossl inked by chemical or physical tech- 
niques subsequent to application to the synthetic vascu- ss 
lar prosthesis.- - 

The present invention also provides a synthetic vas- 
cular prosthesis comprised of a flexible, porous, tubular 



substrate having an intraluminal and an extraluminal sur- 
face and fabricated from any conventional stitch struc- 
ture, such as a knit, weave or braid. Double or single ve- 
lours may also be employed. At, a minimum, the intralu- 
minal surface is coated or impregnated with a stable col- 
lagen-heparin dispersion prepared with an alkaline dis- 
persion of collagen and heparin, although all surfaces 
may be contacted with the dispersion. The ratio of colla- 
gen to heparin may be greater than or equal to one as a 
result of the alkaline collagen-heparin dispersion of this 
invention. The substrate may be a three-dimensional 
braid, a knit, a weave or a velour structure. 

Also included is a collagen-heparin impregnated 
vascular prosthesis with a synthetic tubular substrate 
having an extraluminal and an intraluminal surface, pre- 
pared by the process of this invention. The process from 
which the vascular prosthesis is derived includes provid- 
ing a stable alkaline dispersion of collagen and heparin 
and applying the dispersion to at least the intraluminal 
surface of the tubular substrate thereby providing an im- 
proved antithrombogenic seal to the vascular prosthesis. 

The stable alkaline dispersion allows for more 
heparin and more collagen in solution, resulting in an im- 
proved ability to effectively coat and impregnate intersti- 
tial spaces within the textile material comprising the vas- 
cular prosthesis. The resulting vascular prothesis pro- 
duced by the process of this invention, may minimize 
thrombus formation and smooth muscle cell hyperplasia 
on the intraluminal surface of the vascular prothesis after 
implantation. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a partial cut away side perspective view 
of a vascular graft made in accordance with present 
invention; and 

Figure 2 is a partial cut away side perspective view 
of a branched vascular graft of the type illustrated in 
Figure 1 . 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

A vascular graft 20 constructed in accordance with 
the method of present invention is shown in Figure 1. For 
purposes of describing the present invention, the terms 
"graft", 'prosthesis* and "vascular graft" are interchange- 
ably used in describing the methods apparatus and 
structures referred to herein. Vascular graft 20 includes 
a porous, tubular substrate portion 22 preferably formed 
of a synthetic material such as polyethylene terephtha- 
late (commonly marketed under the trademark DA- 
CRON). 

Generally, the porosity of the DACRON substrate 
ranges from about 2000 to 3000 ml/min-cm 2 (purified" 
water at 120 mm Hg) . Tubular substrate portion 22 is 
not limited, however, to DACRON. Tubular substrate 
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portion 22 may be formed of any porous bio-compatibie, 
filamentary synthetic material known to those skilled in 
the art which permits tissue ingrowth and is capable of 
maintaining an open, intraluminal passageway for the 
flow of blood after implantation. 

Tubular substrate portion 22 may take on various 
forms. For example, tubular substrate portion 22 may be 
formed with an inner and outer velour surface such as 
the prostheses described in commonly owned U.S. Pat- 
ents No. 4,047,252 and 4,842,575. 

For example, U.S. Patent No. 4,047,452 discloses 
a double-velour synthetic vascular graft produced by a 
warp-knitting machine using a double needle bar. The 
trellis of the graft is made from a yarn with counts from 
30 to 1 50 denier, preferably singly ply. Loops project from 
the trellis both on the inner and outer surfaces of the graft 
to provide for more effective ingrowth of tissue without 
impeding the flow of blood through the tubular body. 

The knit fabric is compacted to decrease the size of 
pore openings and therefore the porosity of the fabric. 
Thereafter, the graft is clumped to impart uniform, regu- 
lar, circular corrugations to provide uniform strength over 
the entire graft surface of the graft tubing and to minimize 
kinking and the propensity of the fabric to collapse. 

U.S. Patent No. 4,842,575 discloses a synthetic col- 
lagen-impregnated vascular graft which may be bifurcat- 
ed. The grafts typically employ a DACRON warp knitfab- 
ric of varying diameter and porosity. The disclosures of 
U.S. patents No. 4,047,252 and 4,842,575 are incorpo- 
rated herein by reference. 

Figure 1 shows an intraluminal surface 24 of tubular 
substrate portion 22 that is impregnated with and sealed 
by an application of the collagen-heparin dispersion of 
the present invention. The collagen-heparin coating im- 
parts both hemostatic and anti-thrombogenic properties 
to a surface 26 of vascular graft 20. Bleeding is mini- 
mized, therefore, during and immediately after surgery. 
In addition, thrombin formation and accompanying sten- 
osis are minimized within the vascular graft. 

Collagen is a well known hemostatic agent used for 
coating porous, vascular synthetic grafts. Collagen ap- 
plied thereby prevents blood seepage into surrounding 
tissue during and immediately after surgery. In addition 
to preventing blood loss, collagen is readily accepted by 
the body and may promote cell ingrowth and enhance 
the rate and degree of healing. 

Methods for adhering collagen to a porous graft sub- 
strate typically include applying a collagen dispersion to 
the substrate, allowing it to dry and repeating the proc- 
ess. Collagen dispersions are typically made by blending 
insoluble collagen (approximately 1-2% by weight) in a 
dispersion at acidic pH (a pH in a range of 2 to 4). 

The dispersion is typically injected via syringe into 
the lumen of a graft and massaged manually to cover the 
entire inner surface area with the collagen slurry. Excess 
collagen slurry is removed through one of the open ends 
of the graft. Coating and drying steps are repeated sev- 
eral times to provide sufficient treatment. 



A collagen coated and/or impregnated prosthesis, 
however, tends to absorb or accept fibrinogen on its 
blood contacting surfaces, forming a fibrin matrix there- 
on. Growing fibrin strands within a fibrin matrix forms a 
s thrombus or clot. Typically, an anticoagulant such as 
heparin is administered prior to the insertion of the graft 
to prevent clotting and consequential occlusion. 

Collagen may also be utilized as a vehicle for the 
controlled release of pharmacological agents such as 
io antibiotics and growth factors, as well as heparin. To ac- 
complish this, the active (e.g., heparin) is provided in a 
collagen matrix which is coated on or impregnated within 
the graft. As the collagen biodegrades, the active is re- 
leased and becomes bioavailable on the coated surface. 
is Because of the conventional requirements for creating 
and performing a collagen-pharmaceutical coating, the 
amount of pharmaceuticals which can be dispersed with- 
in the coating has been limited. 

Heparin has been used as an anti-coagulant for 
20 many years. Heparin is known to prevent thrombus 
build-up on an intraluminal surface to which it has been 
coated or bonded, such as intral uminal surface 24 of vas- 
cular graft 20. 

After implantation of avascular prosthesis with a col- 
25 lagen-heparin coating 26, heparin is released at a con- 
trolled rate thereby reducing the incidence of thrombosis 
or intraluminal surface 24. Collagen-heparin coating 26, 
by minimizing thrombosis and therefore stenosis within 
the prosthesis lumen enables production of vascular 
30 prosthesis with diameters that are smaller than diame- 
ters of previously available grafts, i.e., less than 10mm 
(for implantation). 

However, adding sufficient quantity of heparin to a 
conventional collagen dispersion (at the acidic pH) re- 
35 suits in a collagen-heparin interaction which induces pre- 
cipitation of the collagen from the dispersive phase. The 
result is that less collagen is available for application to 
the prosthetic substrate. 

This interaction is believed to be the result of the 
40 negatively charged heparin molecule ionically interact- 
ing with the positively charged collagen molecules. How- 
ever, this ionic interaction occurs regardless of whether 
the event proceeds above or below the isoelectric point 
of collagen. 

45 The isoelectric point of limed, insoluble collagen, a 
pH of about 4, is that pH value at which the collagen mol- 
ecules do not move in an electric field. Typically, precip- 
itation of a colloid from suspension will occur above or 
below the colloid's isoelectric point; that is, with a change 
50 in pH in either the positive or negative direction. 

The result of the ionic interaction is that water is 
forced from the collagen molecule causing a significant 
increase in the viscosity of the precipitate. This renders 
impregnation of the vascular prothesis extremely diffi- 
55 cult. Vascular grafts coated or impregnated with a colla- 
gen-heparin dispersion prepared in a conventional man- 
ner must accordingly make due with a minimum of 
heparin to prevent the coagulation of the coating disper- 
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sion. That is, the conventional ratio of collagen to heparin 
was required to be many times greater than one in order 
to have sufficient collagen for sealing, yet, prostheses 
having such sealant compositions lacked sufficient 
heparin to be antithrombogenic. 5 

The present invention overcomes the problems as- 
sociated with the combination of collagen and antithrom- 
bogenic effective amount of heparin in dispersion. The 
present invention provides a unique method of preparing 
the collagen-heparin dispersion which avoids the precip- io 
itation of collagen that is typical of the prior art with the 
addition of substantial amounts of heparin. 

The collagen dispersion of this invention is formed 
at an alkaline pH to provide a vehicle for adding propor- 
tionally large amounts of heparin without inducing colla- is 
gen precipitation. At conventional pH, either the ratio of 
collagen to heparin would need be extremely high to pre- 
vent viscosity increase, or the concentration of collagen 
and heparin needed to be extremely low, minimizing the 
effectiveness of collagen as a sealant. The biological 20 
properties of the heparin and collagen are not significant- 
ly altered at alkaline pH. Although a pH of about 10 is 
preferred, large amounts of heparin may be added to a 
collagen solution within a range of 9 to 11 without causing 
the collagen to precipitate out. The present invention 25 
preferably contemplates, however, dispersions with a ra- 
tio of heparin to collagen ranging between about 1:100 
to 1:1. 

The ratio of heparin to collagen by weight can be 
raised to 1 or greater if prepared according to the present 30 
invention without effecting the viscosity of the dispersion 
significantly, since the precipitation phenomenon and re- 
sultant loss of water does not occur. As a result, the in- 
terstitial spaces ol a synthetic or textile type vascular pro- 
thesis are readily impregnated with the collagen-heparin 35 
dispersion with a significantly increased amount of 
heparin than those of the prior art. 

Because of the increased heparin content in the col- 
lagen-heparin coating, a vascular prosthesis impregnat- 
ed by the method of this invention such as that shown in 
vascular prosthesis 20, possesses enhanced antithrom- 
bogenic properties on its surface. Further, the improved 
healing response of the impregnated vascular prothesis 
inhibits smooth muscle anastomotic hyperplasia, i.e., an 
abnormal build up of smooth muscle cells at the surgical 
connection. Such results provide for a graft with a pro- 
longed patency. 

The following example is set forth to illustrate the 
method of preparing the collagen-heparin dispersion of 
the invention and applying it to a vascular graft. The ex- 
amples are set forth for the purpose for illustration and 
are not intended in a limiting sense. 

EXAMPLE 1 

.~A-1^44% collagen slurry was prepared at a pH of 
3.47 at 25°C. Four (4) drops/100 ml of 10M NaOh was 
added to raise the pH of the collagen slurry to 10.5. 50 



grams of the collagen slurry was transferred to a 1 000ml 
volumetric flask. An amount of 0.72 g of hepa rin was add- 
ed to the collagen slurry. No change in the state of the 
slurry occurred when this quantity of heparin was added 
to form a collagen-heparin dispersion. 

The experiment was repeated varying the pH of the 
collagen prior to the addition of heparin, that is, the ad- 
dition of .72 g of heparin to a 50 g portion of 1 .44% col- 
lagen slurry. The pH was varied to find an operable range 
of solution in which a sufficient antithrombogenic amount 
of heparin may be added without inducing collagen pre- 
cipitable. 

When the pH was dropped to 10.0 by the addition of 
NaOh, there was no collagen precipitation upon the ad- 
dition of .72 g of heparin. When the pH was reduced to 
merely 6.4, there was a 50% percipitation. When the pH 
was further reduced to 4.50, there was a 90% percipita- 
tion. 

The collagen-heparin dispersion i.e., 50 grams of 
1.44% collagen slurry in which 0.72 g of heparin has 
been added was then applied to a bifurcated vascular 
graft 30 (Fig. 2) thereby impregnating and coating the 
graft. 

Figure 2 shows a bifurcated vascular graft 30 im- 
pregnated with a collagen-heparin coating 38 of the 
present invention. Bifurcated vascular graft 30 compris- 
es a main porous, synthetic tubular substrate 32 includ- 
ing bifurcated portions 34 formed from a biologically 
compatible filamentary material. The graft may be con- 
structed in any manner known to those skilled in the art 
for providing a porous vascular prosthesis which permits 
tissue ingrowth and maintains an open lumen for the flow 
of blood. 

An inner surface 36 of porous, synthetic tubular sub- 
strate 32, including bifurcated portions 34, is impregnat- 
ed with the collagen-heparin dispersion of the present 
invention. Collagen-heparin coating 38 is formed there- 
on. The impregnated vascular graft 30 showed a low in- 
cidence of bleeding as well as an increased absorbance 
of heparin. After implantation, the grafts are expected to 
display a lower incidence of thrombotic events occurring 
on either the coated surfaces 36 of tubular substrate por- 
tions 32 and bifurcated portions 34. 

The specific embodiments of the vascular graft im- 
pregnated with a collagen-heparin sealant identified in 
this disclosure are not limited thereto and may be varied 
without materially effecting the anti-thrombogenic prop- 
erty of a vascular graft labricated according to the inven- 
tion. The invention accordingly is not limited to any pre- 
cise embodiment disclosed and various other changes 
and modifications may be effected therein by one skill of 
the art without departing from the scope or spirit of the 
invention. 
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with a collagen-heparin composition, comprising the 
steps of: 

providing a stable collagen-heparin dispersion 
at alkaline pH; and 

applying the dispersion to the prosthesis to $ 
effect sealing and impart enhanced antithrombo- 
genic properties thereto. 

2. A method according to claim 1 , wherein the prosthe- 
sis is impregnated with the dispersion. to 

3. A method according to claim 1 , wherein the prosthe- 
sis is coated with the dispersion. 

4. A method according to claim 1 , 2, or 3, wherein the is 
collagen-heparin dispersion is prepared at a pH 
within a range from 9 to 11 . 

5. A method according to claim 4, wherein the colla- 
gen-heparin dispersion is prepared at a pH of 20 
approximately 10. 

6. A method according to any preceding claim, wherein 
the collagen-heparin dispersion has a ratio of 
heparin to collagen within a range from 1 :100 to 1 : 1 . 2s 

7. A method according to any preceding claim, wherein 
the collagen applied to the prosthesis is crosslinked. 

8. A synthetic vascular prosthesis comprising a flexi- 30 
ble, porous, tubular substrate having an intraluminal 
and an extraiuminal surface, wherein at least the 
intraluminal surface is treated with an alkaline colla- 
gen-heparin sealant prepared with an alkaline dis- 
persion of collagen and heparin. 35 

9. A synthetic vascular prosthesis as claimed in claim 
8, wherein the dispersion is formed with a ratio of 
heparin to collagen within a range from 1 : 1 00 to 1 : 1 . 

40 

10. A synthetic vascular prosthesis as claimed in claim 
8 or 9, wherein the substrate is a three-dimensional 
braided structure. 

45 
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